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Abstract: Globally, freshwaters are the most degraded and threatened of all ecosystems. In northern temperate regions,
beaver (Castor spp.) reintroductions are increasingly used as a low-cost and self-sustaining means to restore river corridors.
River modifications by beavers can increase availability of suitable habitat for fish, including salmonids. This study investi-
gated the response of a population of brown trout (Salmo trutta) to reintroduced Eurasian beaver (Castor fiber) habitat modifi-
cations in northern Scotland. The field site comprised two streams entering a common loch; one modified by beavers, the
other unaltered. Electrofishing and PIT telemetry surveys indicated abundance of post-young-of-the-year (post-YOY) trout
was higher in the modified stream. Considering juvenile year groups (YOY and post-YOY) combined, abundance and density
varied with year and season. In the modified stream, fork length and mass were greater, there was a greater variety of age
classes, and mean growth was positive during all seasons. Beavers had profound effects on the local brown trout population
that promoted higher abundances of larger size classes. This study provides important insight into the possible future
effect of beavers on freshwater ecosystems.
Résumé : Les écosystèmes d’eau douce sont les écosystèmes les plus dégradés et menacés sur terre. Dans les régions nordi-
ques tempérées, les réintroductions de castors (Castor spp.) sont de plus en plus utilisées comme moyen peu coûteux et
autosuffisant de restauration de couloirs fluviaux. Les modifications des rivières par les castors peuvent accroître la disponi-
bilité d’habitats convenables pour les poissons, dont les salmonidés. L’étude se penche sur la réaction d’une population de
truites brunes (Salmo trutta) à des modifications de l’habitat par des castors eurasiens (Castor fiber) réintroduits dans le nord
de l’Ecosse. Le site d’étude compte deux cours d’eau qui se jettent dans le même loch, un étant modifié par les castors et
l’autre étant intact. Des relevés à la pêche électrique et de détection télémétrique d’étiquettes passives intégrées (PIT) indi-
quent une plus grande abondance de truites juvéniles de plus d’un an dans le cours d’eau modifié que dans le cours d’eau
intact. L’examen de juvéniles de différents groupes d’âge (jeunes de l’année et de plus d’un an) combinés révèle que l’abond-
ance et la densité varient selon l’année et la saison. Dans le cours d’eau modifié, la longueur à la fourche et la masse des
poissons sont plus grandes, la diversité des classes d’âge est plus importante et le taux de croissance moyen est positif
durant toutes les saisons. Les castors ont de profonds effets sur la population locale de truites brunes qui favorisent une
plus grande abondance des classes de tailles plus grandes. L’étude fournit d’importants renseignements sur l’effet futur pos-
sible des castors sur les écosystèmes d’eau douce. [Traduit par la Rédaction]
Introduction
European rivers have been modified by man for centuries for
agriculture (e.g., irrigation) (Moss 2008), domestic and industrial
water supply (Rotiroti et al. 2019), generation of mechanical and
electrical energy (Brown et al. 2018), navigation (Zajicek and
Wolter 2019), and flood defence (Best 2019). As a consequence,
rivers have been constrained, straightened, channelised, and
impounded, so disrupting longitudinal, lateral and vertical con-
nectivity and natural hydrogeomorphological and biological
processes (Brown et al. 2018; Mossa et al. 2020). Although these
changes have improved and maintained human quality of life,
they have had serious negative consequences on aquatic biodi-
versity (Brown et al. 2018; Wohl et al. 2005) and as a result, fresh-
waters represent one of the worlds most threatened ecosystems
(Belletti et al. 2020; Reid et al. 2013; Darwall et al. 2011).
There are multiple legislative drivers to restore European riv-
ers, such as the EU Biodiversity Strategy that aims to reconnect
25 000 km of rivers by 2030 (Belletti et al. 2020). This builds
on the EU Water Framework Directive (European Union 2000)
that sought to achieve good ecological status across member
states (Acreman and Ferguson 2010). River restoration in Europe
is costly, with estimates ranging from e2.2–31 million·km–2
(Theodoropoulos et al. 2020). Considering that future funding for
the environment is likely to become increasingly challenged in an
era of post COVID-19 economic recovery, there is likely to be greater
interest in strategies that enable targets to be achieved using
low-cost “Nature Based Solutions” to re-establish processes rather
than by adopting more traditional feature-based river restoration
approaches that tend to be of limited value (Bernhardt and Palmer
2011).
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As “Ecosystem Engineers”, populations of Eurasian beavers
(Castor fiber) provide a cost-efficient and self-sustaining means to
restore rivers and streams by directly or indirectly controlling
the availability of resources through habitat modification (Jones
et al. 1994, 1997; Wright et al. 2002; M€uller-Schwarze 2011). By
increasing structural complexity, beavers facilitate the regenera-
tion of processes that enable rivers and stream to function more
naturally (Brown et al. 2018). As a result of this capacity to restore
ecosystem function, habitat dynamics and heterogeneity, coupled
with a public and associated political desire to restore a species
extirpated by man, the reintroduction of beavers has gained
increasing impetus in many European member states (Halley and
Rosell 2002).
Beaver dams and their analogues accelerate the recovery of
incised streams (Bouwes et al. 2016) and assist in the creation and
maintenance of complex fluvial ecosystems (Pollock et al. 2014).
As a result, beaver reintroductions are increasingly seen as an
integral component of the wider restoration of river corridors
(Bouwes et al. 2016; Burchsted et al. 2014). Beaver dams modify
rivers and streams by impounding water, increasing the ratio of
lentic to lotic habitat (Naimen et al. 1988), regulating flow (Pollock
et al. 2003), and storing sediment and nutrients (Puttock et al. 2018).
Furthermore, by building dams beavers reduce the density of ripar-
ian woodland, breaking up the canopy and enhancing light avail-
ability (Wright et al. 2002), increasing habitat diversity and flora
richness (Smith andMather 2013).
Despite the many documented ecological benefits of beaver
activities, concerns remain regarding potential impacts of
restored beaver populations on flooding of infrastructure and
agricultural land, felling of commercial timber and ornamental
trees (Campbell-Palmer et al. 2015), and the potential impacts on
fish and fisheries, particularly those of economic importance
such as salmonids (Kemp et al. 2012; Collen and Gibson 2000). By
modifying riparian vegetation and providing in-stream struc-
tures, beaver dams can have both positive and negative effects
on the production of stream dwelling salmonids (Kemp et al.
2012; Table 1). The relative magnitude of these impacts has been
the subject of much debate and controversy (BSWG 2015).
Commonly cited benefits of beaver activity for salmonids
include increased habitat heterogeneity (Hägglund and Sjöberg
1999; Smith and Mather 2013) and quality (Pollock et al. 2003). In
particular, ponds created upstream of beaver dams provide juve-
nile overwintering and rearing habitat (Cunjak 1996) and critical
refuge for larger fish (Hägglund and Sjöberg 1999). This results in
increased fish abundance (Hägglund and Sjöberg 1999; Jakober
et al. 1998), condition and growth (Sigourney et al. 2006; but see
Rabe 1970, and Johnson et al. 1992), and overall productivity
(Mitchell and Cunjak 2007; Nickelson et al. 1992; Pollock et al.
2004). Conversely, the principal negative consequence relates to
the potential for dams to impede or delay salmonid migration,
particularly for upstream moving adults during their migration
along tributary streams to their spawning grounds (Malison and
Halley 2020; Lokteff et al. 2013; Rupp 1955; Taylor et al. 2010). Fur-
thermore, dams may reduce the availability of suitable spawning
habitat in impounded areas, where flow velocity may be insuffi-
cient to purge the gravels of fine sediments that clog the interstices
of gravels where the eggs and larval stages develop (Knudsen 1962;
Taylor et al. 2010).
In considering the influence of beaver activity on fish, there is
considerable research bias in favour of the North American bea-
ver (Castor canadensis) (Kemp et al. 2012), while no studies have
investigated the impact of Castor fiber on native salmonids in
Great Britain. A lack of understanding of how beavers and fish
interact in the British context threatens the development of ro-
bust management strategies that can, as a result, become unduly
influenced by intuition, guesswork, and the perspectives and per-
ceptions of stakeholder groups. This study investigated the
response to beavers of a population of brown trout (Salmo trutta)
inhabiting two streams that feed a common loch; one influenced
by the construction of beaver dams (modified), the other unmodi-
fied (control). By comparing the response of fish occupying the
two streams in which beaver dams were either present or absent,
this study is the first conducted in Great Britain to shed light on
the influence of beaver habitat modification on salmonids. In
particular, attention focused on quantifying (1) trout abundance;
(2) trout density; (3) fish size; (4) performance, quantified in terms
of growth, taking into consideration inter-seasonal changes, and
by comparing the results with model predictions for optimal
growth of fish (Elliott et al. 1995); and (5) invertebrate community
composition and abundance. We hypothesised that trout abun-
dance (H1), density (H2) and size (fork length [FL], mm; and mass,
g) (H3) would be higher in the beavermodified stream than in the
control.We also predicted trout in themodified streamwould ex-
hibit positive growth performance (H4) and that invertebrate
abundance (H5) would be higher in the modified stream than in
the control. The results will help those tasked with managing




The Allt Coire an t- Seilich (modified) and Allt a’ Choilich (con-
trol) are two first-order streams that flow in a northeast direction
before entering an impounded loch, known locally as Loch Grant
(17 644 m2; 57.432°N, 4.424°W; 160 m.a.s.l; Fig. 1). The loch
Table 1. Perceived positive and negative effects of beaver activity on fish as identified
by Kemp et al. (2012).
Positive effects Negative effects
Heightened habitat availability–complexity Barriers to fish movement
Improved overwintering habitat Loss of spawning habitat
Enhanced rearing habitat Altered temperature regime
Provision of cover Reduced oxygen levels – habitat quality
Enhanced diversity–species richness Altered flow regimes
Enriched abundance–productivity Loss of cover
Provision of habitat under low flows Reduced productivity
Provision of low flow refuge Retarded fish growth
Establishment of temperature refuge Abandonment of beaver settlements
Boosted water quality Deterioration in water quality
Sediment trap
Enriched invertebrate productivity
Increased growth rates – fish condition
Establishment of fishing areas
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Fig. 1. Study site in which the response of a population of brown trout to fluvial landscape modification by beaver was investigated. The map
illustrates the study area post-beaver modification, the Control as of July 2016 and the surrounding landscape and habitat types. Inset maps
illustrate: (A) modified reaches, (B) stream depths within the modified area and (C) control reaches. The position of beaver dams, passive
integrated transponder (PIT) loops (to monitor fish movement), and water data loggers (depth and temperature) are indicated. Map created using
QGIS 2.18. Base map recreated from OS data © Crown Copyright (and database rights) 2020 OS 100025252. [Colour online.]
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outflow continues as the Allt a’ Choilich, which flows northeast
for 2 km before joining the Moniack Burn, which discharges
directly into the Beauly Firth, Inverness-shire, Scotland.
The fish fauna is dominated by the freshwater-resident morpho-
type of brown trout, accompanied by three-spined stickleback
(Gasterosteus aculeatus) and European eel (Anguilla anguilla). In 2008
a breeding pair of Eurasian beaver, of Bavarian origin, were
released into the loch situated within a 40-ha enclosure, incorpo-
rating 1.2 km of available stream habitat and 0.6 km of loch
shoreline.
Both modified and control streams exhibited similar physical,
geomorphological and hydrological characteristics prior to beaver
modification (C. Swift [landowner], personal communication, 2014).
The modified stream was impounded in four locations by beaver
dams to create four “modified” reaches (mean length 51.75 m) with
an additional dam (Dam 5; Fig. 1; Table 2) constructed to the west of
Dam 1 in 2016. The control site was similarly divided into four “con-
trol” reaches determined by riparian vegetation and accessibility
(mean length 34.5 m) (Table A1) and remained unmodified by bea-
vers during the study.
The four modified sections had a mean (6SD) wetted bank
width of 5.82 m (62.73 m), substrate that was dominated by silt,
except immediately below dams where areas of gravel domi-
nated, a predominant flow type classed as “deep pool”, a mean
velocity (6SD) of 0.09 m·s–1 (60.07 m·s1), and depths that regu-
larly exceeded 0.5 m. The mean (6SD) wetted bank width for the
control was 0.8 m (60.26 m), the dominant substrate was pebble–
cobble, the dominant flow type was classed as riffle, mean velocity
(6SD) was 0.27 m·s–1 (60.07 m·s1), and depths did not exceed 0.2 m
(Table A1).
Five water level loggers (OTT Orpheus Mini, OTT Hydromet)
were installed in December 2014; one above and below Dams
1 and 4 and one in the control stream (Fig. 1). They recorded water
depth and temperature every 5 min and averaged at 15 min inter-
vals (Supplementary Fig. S11).
The physical habitat characteristics of each reach were sur-
veyed in May 2016, during spring baseflows, following the Scot-
tish Fisheries Co-ordination Centre methodology (SFCC 2014)
(Table A1). Coarse resolution mid-column velocity was recorded
for each reach with an electromagnetic flowmeter (0.001 m·s–1 re-
solution averaged over 60 s; Valeport Model 801, Valeport Ltd.,
UK). In July 2016, wetted width and bathymetry of the modified
and control streams were quantified using differential GPS (Leica
Viva GS14 Smart Antenna and a Viva CS15 Controller) (Fig. 1).
Fish surveys and PIT telemetry
Electrofishing surveys were conducted using a pulsed DC field
(Easyfisher EFU – 1, 2.5A maximum output, 50/100 Hz) in the
modified and control streams on six separate occasions during
autumn (2014, 2015 and 2016), spring (2015 and 2016) and summer
(2016) (Supplementary Table S11). Captured fish were held in
fresh aerated loch water for a maximum of 1 h prior to being
anaesthetized using 2-Phenoxyethanol (concentration; 0.2 mL·L–1).
FL (mm) and mass (g) were measured (Supplementary Table S11),
and trout longer than 65 mm were tagged with either half (HDX)
or full duplex (FDX) passive integrated transponder (PIT) tags via
ventral incision into the body cavity (65–80 mm FL = 8.4 mm FDX,
n = 194, Biomark FDX-B Mini HPT8, Biomark, Idaho; 80–180 mm
FL = 12 mm HDX, n = 581, Oregon RFID, Portland, Oregon;
>180 mm FL = 23 mm HDX, n = 146, Oregon RFID, Portland,
Oregon). Tagged fish were allowed to recover for at least 1 h and
condition was visually assessed prior to release. To assess the
impact of tagging on survival and to quantify tag retention, a
sample of trout (n = 16, mean FL 6 SD = 192.8 6 72.1 mm in 2014;
n = 28, mean FL 6 SD = 171.9 6 97.1 mm in 2015; and n = 30, mean
FL6 SD = 109.46 19.7 mm in 2016) were retained post-tagging for
48 hours in in-stream containers with through-flowing water.
Tagged fish showed 100% tag retention (n = 74) and no mortality
was observed. All fish were returned to the stream reach from
where they were captured.
Invertebrate sampling
Invertebrate samples were collected from the modified and con-
trol streams in October 2016 at 10 m intervals providing 23 samples
from each stream. Kick sampling (professional hand net [width —
250 mm, depth — 300 mm, mesh size — 1 mm]) methods were
used where bed sediments were agitated for one minute directly
upstream of the net. Samples were preserved on site in 100% ethanol
before being diluted to a 70% solution for storage. In the laboratory,
samples were identified to family (excluding Oligochaeta, which
were identified toOrder) and counted.
Ethics approval
Field work was performed after review and approval by the
University of Southampton’s Animal Welfare and Ethical Review
Body (AWERB) following the 3R’s ethical framework. Tagging
was conducted in compliance with UK Home Office regulations
under the Animals (Scientific Procedures) Act 1986 (project licence
PPL 30/3196; personal licence PIL ID71D59A5).
Analysis
All data was tested for normality using Shapiro–Wilk’s normality
test, and homogeneity of variances assessed using a Levene’s test.
In instances where assumptions of normality failed, attempts to
transform data were carried out and where this was not possible
appropriate nonparametric tests were used. Despite deviations
from normality in the 2015 density data and homogeneity of
variance in 2016 density data, two-way ANOVAs were used as
they are considered robust to slight deviations from normality
and heterogeneity of variance when sample size is equal (Jaccard
1998).
Trout abundance and density
The terms trout abundance and trout density are used to differen-
tiate between metrics that account for reach length and surface
area, respectively. This accommodates the impounding effect of
dams encountered in the modified reaches, but not the control.
Trout abundance (trout·m–1) for each electrofishing reach was
calculated as the quotient of the number of fish captured and
reach length (m) measured along the central line of the channel.
Reach values were aggregated to provide a mean for both the
modified and control streams for each season. As seasonal data
varied between years (Supplementary Table S11), years were ana-
lysed independently. Analyses were performed twice for each
year; first with all age classes included (YOY + post-YOY), and
second, with young-of-the-year (YOY) fry (≤30 mm) and parr
Table 2. Dimensions of dams (2015) constructed
by Eurasian beaver released in 2008 on the










1 5.1 0.56 0.47
2 5.8 0.57 0.26
3 19.3 0.55 0.13
4 24.0 0.97 0.19
5 10.1 0.54 0.13
1Supplementary data are available with the article at https://doi.org/10.1139/cjfas-2021-0023.
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(31–60 mm) removed to control for seasonal influxes of YOY.
Welch’s two sample t tests compared the difference in abundance
between the modified and control streams in autumn 2014. Two-
way ANOVAs compared the effect of modified and control streams
and season in 2015 and 2016 on trout abundance (m–1) and post hoc
comparisonswere performed using Bonferroni corrections.
Trout density (trout·m–2) was calculated as the quotient of the
number of trout captured and surface area (quantified using the
GIS basemap; Fig. 1) of each reach. The statistical analysis of trout
densities followed the same approach as that for abundance.
Variations in fork length andmass
The length-frequency distributions of trout caught in themodi-
fied and control streams were compared for each season using
the two-sample Kolmogorov–Smirnov test. Seasonal data from
multiple years was pooled; spring (2015 and 2016), summer (2016)
and autumn (2014, 2015 and 2016). A Kruskal–Wallis test com-
pared FL between the modified and control streams for all sea-
sons and years and post hoc analyses were conducted using
Dunn’s-test for multiple comparisons of independent samples.
As specific growth rates could not be compared due to low
recapture rates in the control, a Mann–Whitney (U) test com-
pared mass of YOY parr (FL: 30–60 mm) and post-YOY (FL: 61–
121 mm) between modified and control streams with seasons and
years combined. FL parameters set for post-YOY were based on
the largest trout caught in the control outside of the spawning
period, deemed to be resident. Correlation between mass and FL
of trout captured in the modified stream was calculated using
Spearman’s rank correlation and a linear regressionmodelfitted.
Performance: growth
Correlation between growth in mass and FL was calculated
using Spearman’s rank correlation and a linear regression model
fitted.
Using recapture data (defined as ≥14 days between release and
recapture), growth rates were calculated for trout inhabiting
the modified stream during five different periods: (1) winter
2014–2015 (October–December 2014 – March–April 2015 [n = 16]),
(2) spring–summer 2015 (March–April 2015 – October 2015 [n =
16]), (3) winter 2015–2016 (October 2015 – April–May 2016 [n = 12]),
(4) spring 2016 (April–May 2016 – July 2016 [n = 58]), and (5) summer
2016 (July–October 2016 [n = 17]). Growth rates for trout caught in
the control stream were not calculated due to insufficient recap-
tures (n = 2 in summer 2016). The mean daily water temperature
was calculated as themean of all values recorded over 24 h for each
data logger. For the period between 30 October and 18 December
2014, linear regression analysis was used to estimate the water
temperature from air temperature measured at a local meteor-
ological station. There was a strong linear relationship
between water temperature and air temperature (F[1,711] = 5874,
p < 0.001, r2 = 0.89), with 74% of predictions within 1.5 °C of the
observed values. Mean specific growth rate (SGR, %·day–1) for PIT
tagged trout recaptured during electrofishing surveys was calcu-
lated as
G ¼ logeW2  logeW1ð Þ=t
  100
where W1 and W2 are the initial and final trout mass (g), and t is
the number of days between recapture (i.e., the growth period).
For each fish, G was compared to an estimate of optimal growth
(Gop) using themodel developed by Elliott et al. (1995):
Gop ¼ c Wb1 T  Tlimð Þ= TM  Tlimð Þ
where T is the mean water temperature during the growth pe-
riod, and TM and Tlim respectively represent the temperatures at
which growth is optimal (13.11 °C) and ceases (limit). Tlim is the
lower or upper value at which growth rate is zero (TL [3.56 °C] or
TU [19.48 °C]) depending on whether T is higher or lower than TM
(i.e., Tlim = TL if T < TM or Tlim = TU if T > TM). The mass exponent b
is the power transformation that produces linear growth with
time (0.308), and c is the growth rate of a 1 g trout at optimal tem-
perature (2.803). All values were obtained from table 1 in Elliott
et al. (1995). This growth model assumes fish fed to satiation
under laboratory conditions. Welch’s one-way test was used to
compare growth rates between seasons. Pairwise t tests with no
assumption of equal variances determined differences between
periods.
Invertebrate abundance and community composition
The influence of beaver modification on total invertebrate
abundance was analysed using Welch’s two sample t test for
unequal variance, and effect size calculated using Cohen’s d. To
evaluate the difference of community structure between the
modified and control streams the relative abundance of taxa at
each site was analysed with nonmetric multidimensional scaling
(NMDS), Bray–Curtis distance metrics on two axes with a maxi-
mum of 50 restarts. To test whether habitat influenced commu-
nity structure, the proportion of sample variation attributable to
habitat type was calculated using permutational analysis of var-
iance (ANOVA) (Adonis). Analysis was run using the R package
Vegan. Statistical analyses were conducted using R.
Results
Trout abundance
In autumn 2014, when considering all age groups, trout abun-
dance did not differ between the control and modified streams.
However, in support of H1, post-YOY abundance was greater in
the modified stream (0.52 [SE = 0.13] trout·m–1) than the control
(0.09 [SE = 0.06] trout·m–1) (t6 = –2.93, p = 0.03).
In 2015, when all age groups were included, abundance was
greater in the modified stream (0.77 [SE = 0.14] trout·m–1) than the
control (0.31 [SE = 0.09] trout m1) (F[1,13] = 10.73, p = 0.007) in line
with H1. Abundance did not differ with season and there was no
interaction. When considering post-YOY trout only, abundance
was also greater in the beaver-modified stream (0.70 [SE = 0.12]
trout·m–1) than the control (0.17 [SE = 0.07] trout·m–1) (F[1,13] =
20.02, p < 0.001) in line with H1, and higher in autumn (0.58 [SE =
0.15] trout·m–1) than spring (0.29 [SE = 0.10] trout·m–1) (F[1,13] = 6.26,
p = 0.03). There was no interaction between stream and season.
During 2016, When YOY fish were excluded, beaver modification
had a strong influence on abundance (F[1,18] = 61.175, p< 0.001), being
greater in the modified stream (0.50 trout·m–1 [SE = 0.38]) than the
control (0.08 trout·m–1 [SE = 0.38]) in line with H1, a difference of
0.42 trout·m–1 (95% CI [0.31 to 0.54], p< 0.001) (Fig. 2B). There was no
effect of season and no interaction between stream and season.
When considering all age groups mean abundance varied with sea-
son (F[2,18] = 5.13, p = 0.02), being greatest during spring (0.95 [SE =
0.14] trout·m–1) and lowest during autumn (0.34 [SE = 0.14] trout·m–1)
(95% CI [0.07 to 1.15], p = 0.02). There was no difference between
spring and summer (0.84 [SE = 0.14] trout·m–1) (95% CI [–0.43 to 0.65],
p = 1.00) and between summer and autumn (95% CI [–0.04 to 1.04],
p = 0.07) (Fig. 2A). There was no interaction between stream and
season.
Trout density (m–2)
In autumn 2014, trout density did not differ between the modi-
fied and controls streams when all age groups were considered
and when YOYwere removed. This is in contradiction to H2.
During 2015, the densities were higher in the control (0.41 [SE =
0.13] trout·m–2) than themodified stream (0.13 [SE = 0.03] trout·m2)
(F[1,13] = 4.67, p = 0.05), when all age classes were considered in con-
tradiction to H2. Density did not differ with season and there was
no interaction. When YOY were excluded, density did not differ
between the streams and there was no interaction. However, den-
sities were higher in the autumn in both the modified (0.15 [SE =
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0.04] trout·m–2) and control (0.38 [SE = 0.15] trout·m–2) streams, com-
pared to the spring (0.09 [SE = 0.02] and 0.07 [SE = 0.07] trout·m–2,
respectively) (F[1,13] = 4.75, p = 0.05).
In 2016, densities were higher in the control (1.10 [SE =
0.22] trout·m2) than the modified stream (0.11 [SE = 0.22] trout·m2)
(F[1,18] = 10.21, p = 0.005) (Fig. 3A) in contradiction to H2. Season
had no effect and there was no interaction between stream and
season. When YOY were excluded, there was no influence of stream
or season andno interaction (Fig. 3B).
Fork length andmass
The distribution of length class frequency differed between the
modified and control streams in spring (D512 = 7.47, p < 0.01),
summer (D294 = 6.37, p < 0.01), and autumn (D618 = 4.07, p < 0.01)
with a greater variety of size classes observed in the beaver modi-
fied stream during all seasons (Fig. 4). In spring, 77.5% of trout
caught in themodified streamwere ≥61 mm compared to 11.5% in
the control, in summer 79.9% compared to 5.4%, and in autumn
91.5% compared to 49.1%.
In support of H3, fork length differed between trout captured
in the modified and control streams (x211 = 698.6, p < 0.01; Fig. 5),
with fish from the modified stream being longer in autumn 2014
(median = 116 mm, range = 56–314 mm, p < 0.01) and autumn
2016 (median = 114 mm, range = 42–215 mm, p < 0.01), but not in
autumn 2015 (p> 0.05). The longest trout were found in themodified
stream during spring 2015 (median = 86 mm, range = 55–221 mm,
p< 0.01), spring 2016 (median = 74mm, range = 23–202mm, p< 0.01)
and summer 2016 (median = 95.5mm, range = 25–297mm, p< 0.01).
There was no difference in FL of trout captured in the modified
stream among the three autumn periods. Similarly, the FL of
trout captured in the control did not differ between autumn
2014 (median = 55 mm, range = 44–80 mm), and 2016 (median =
54 mm, range = 42–114 mm), but they were longer in autumn
2015 (median = 121 mm, range = 41–300 mm, p < 0.01). Trout FL
was lowest in spring 2016 in both themodified (n = 175) (median =
74mm, range = 23–202mm, p< 0.01) and control streams (median =
26mm, range = 22–95mm, p< 0.01).
Mass of post-YOY trout (U = 10996, r = –0.55, p < 0.001) and YOY
parr (U = 5738.5, r = –0.68, p < 0.001) differed between the modi-
fied and control streams, with heavier fish found in the modified
stream (post-YOY: median 7.0 g [n = 567], YOY parr, median = 1.7 g
[n = 86]) than the control (post-YOY median 4.0 g [n = 61], YOY
parr: median = 1.28 g [n = 201]) in line with H3 (Figs. 6A and 6B).
Performance: growth
Focusing on the modified stream only, there was a strong posi-
tive relationship between growth measured in terms of mass (g)
and FL (mm) (correlation: rs = 0.816, p < 0.001; linear regression
model: R2 = 0.443, F[1,117] = 92.86, p< 0.001; Fig. 7).
Growth rates in mass (g) varied with season (F[4,114] = 26.004,
p = <0.001), with positive mean growth exhibited during all sam-
pling periods in line with H4 (winter 2014–2015, mean 6 SD =
Fig. 2. Mean 6 SD brown trout abundance (trout·m–1) during
spring (black), summer (grey) and autumn (white) 2016 in the
beaver-modified and control streams with all size class of trout
included (A) and (B) fry ≤ 30 mm and parr 31–60 mm omitted.
Fig. 3. Mean 6 SD brown trout density (m–2) during spring
(black), summer (grey) and autumn (white) 2016 in the modified
and control streams with all size class of trout included (A) and
fry ≤ 30 mm and parr 31–60 mm omitted (B).
Fig. 4. The distribution of length class frequency between the
beaver-modified and control streams in spring (2015 and 2016),
summer (2016) and autumn (2014, 2015 and 2016). Seasonal data
has been pooled for the years.
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0.05 6 0.13%·day–1; spring–summer 2015, mean 6 SD = 0.56 6
0.19%·day–1; winter 2015–2016, mean 6 SD = 0.30 6 0.13%·day–1;
spring 2016, mean 6 SD = 0.72 6 0.33%·day–1; summer 2016,
mean 6 SD = 0.30 6 0.21%·day–1), with the highest during the
spring and the lowest during the winter. During both winter sam-
pling periods some trout demonstrated growth in mass (g) that
exceeded that predicted by the optimum growthmodel (Fig. 8).
Invertebrate abundance
In support of H5, mean invertebrate abundance was greater in
themodified (mean6 SD = 52.916 51.80) than the control stream
(mean 6 SD = 14.434 6 7.50) (t22.9 = 3.5258, p = 0.002, d = 1.04).
NMDS ordination revealed that invertebrate community structures
in the modified stream were separated in community ordination
on 2-axes from those in the control stream (Adonis F[1,44] = 15.24,
p < 0.001, R2 = 0.26, stress = 0.149) (Fig. 9). Chironomidae (–0.906),
Sphaeriidae (–0.964), Glossiphoniidae (–1.23), Sialidae (–0.923),
Physidae (–0.971) and Dytiscidae (–0.834) were most associated
with the beaver-modified stream while Philopotamidae (0.903),
Thaumaleidae (1.204), Capniidae (0.859), Simuliidae (0.911), Pla-
norbidae (0.760) and Perlodidae (0.69) were most associated with
the control stream.
Discussion
This study represents the first investigation into the response
of a population of brown trout to modifications of the fluvial
landscape by re-established Eurasian beavers in Great Britain.
The presence of a series of dams in a beaver-modified stream
resulted in the creation of impounded reaches that were deeper,
wider and slower flowing than a nearby unmodified (control)
Fig. 5. Fork length of trout captured in the modified “Mod” (clear boxes) and control “Con” (grey boxes) streams during autumn, spring
and summer 2014, 2015 and 2016. The box plots illustrate the median (horizontal line), interquartile range (boxes) and overall range up to
1.5 times the interquartile range (whiskers). All outliers are depicted (clear circles).
Fig. 6. Differences in mass (g) of (A) post-YOY trout (FL 61–121 mm)
and (B) YOY parr (FL 31–60 mm) between the modified and control
streams. The box plots illustrate the median (horizontal line),
interquartile range (boxes) and overall range up to 1.5 times the
interquartile range (whiskers). All outliers are depicted (clear
circles).
Fig. 7. The linear relationship between growth in mass (g) and
FL (mm) of trout captured in the modified stream. Grey shading
indicates 95% confidence intervals.
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stream. As predicted, trout were more abundant (when YOY fish
were excluded), larger, and had access to a greater abundance of
invertebrate food in the beaver-modified stream. Although trout
abundance was higher, there was no difference in density due to
the larger surface areas associated with the beaver impounded
reaches. Furthermore, trout in the modified stream exhibited a
wider range of size classes and positive growth throughout the
year, which in the winter was higher than that predicted by an
optimal growthmodel for some individuals.
The observation that YOY trout were more abundant and
densely distributed in the shallow control than the beaver-
modified stream, particularly during spring and summer, reflects
the importance of this habitat for spawning. Prior to the intro-
duction of beaver, both streams that entered into the loch had si-
milar geomorphological and hydrological characteristics. The
impoundment of sections of the modified stream due to the con-
struction of a series of dams would likely have reduced the avail-
ability of suitable trout spawning habitat (Armstrong et al. 2003)
due to the increase in depth, reduction in flow velocity, and depo-
sition of fine sediments. Furthermore, the dams themselves may
have directly impeded the spawning movements of adult trout,
particularly during periods of low flow (Kemp et al. 2012). As
such, the relative importance of the control stream as a spawning
site for adult trout migrating from the loch would have increased
with the beaver modification of the neighbouring tributary.
Indeed, this was indicated by the large number of mature
(≥150 mm) fish captured in the control during the autumn 2015
survey followed by a higher abundance of the youngest age class,
compared to the modified stream, during the following spring
and summer. As the two habitats are connected through the link-
age to the loch, and greater abundance of older age classes (1+)
were observed in the modified reaches alongside declines in
abundance of YOY fish in the control stream by the autumn, it is
likely that growing fish either redistributed to habitats more
conducive to rearing, perhaps as a result of self-thinning (Armstrong
1997) or were lost from the system due to predation. Of seven
recaptured trout tagged in the control as parr, one was recap-
tured in the modified stream, indicating their potential to suc-
cessfully migrate between streams and pass beaver dams during
summer months. No tagged trout from the modified stream were
recaptured in the control streamduring the study.
The greater wetted width of the modified stream meant that,
although larger trout were more abundant, density was no
greater than for the control. In other regions where the redistrib-
ution of stream-dwelling salmonids has been investigated within
streams, a higher abundance and density of fish have been associ-
ated with reaches modified by beaver, particularly during the
winter months when the deeper ponds provide refuge from
adverse conditions (e.g., for North America: Chisholm (1987) for
bull trout, Salvelinus confluentus; Nickelson et al. (1992) for coho
salmon, Oncorhynchus kisutch). For example, in the Rocky Moun-
tain streams ofMontana (USA), the densities of bull and cutthroat
trout (Oncorhynchus clarkii) are lower when temperatures drop
below 7 °C in all habitats, except beaver ponds (Cunjak 1996)
where both species overwinter in large aggregations (Jakober
et al. 1998). Conversely, the densities of fry in our study were
higher in the control than the modified stream, particularly dur-
ing the spring and summer. This indicates the importance and
suitability of this habitat, dominated by pebble substrate, for
spawning. The control stream, however, provided insufficient
suitable habitat to maintain larger numbers of older trout. As a
result, seasonal shifts in habitat availability (e.g., associated with
drought or freeze-up), along with predation (Cunningham et al.
2002 for Scottish streams; Heggenes and Borgstrøm 1988 for Nor-
wegian streams; R. Needham, personal observation) and self-
thinning if at carrying capacity (Armstrong et al. 2003; Milner
et al. 2003), likely explains the reduction in density in the control
stream as fishmoved to the loch and the beaver-modified stream.
Beaver-modified reaches supported a wider range of trout size
classes than the control stream, reflecting the relationship
between habitat heterogeneity and the availability of suitable
habitat for multiple life stages. In particular, trout in the modi-
fied reaches tended to be characteristically larger than those in
the control stream. This supports the findings of several other
researchers in relation to both the North American (Malison
et al. 2015) and European (Hägglund and Sjöberg 1999) context,
Fig. 8. Relationship between observed seasonal growth rates of
brown trout inhabiting a beaver-modified stream and that
predicted by an optimal growth model that assumes fish are fed to
satiation under laboratory conditions (Elliott et al. 1995): times
symbols — winter 2014–2015 (October–December 2014 – March–
April 2015 [n = 16]), circles — spring–summer 2015 (March–April
2015 – October 2015 [n = 16]), triangles — winter 2015–2016
(October 2015 – April–May 2016 [n = 12], plus symbols — spring
2016 (April–May 2016 – July 2016 [n = 58]), diamonds — summer
2016 (July–October 2016 [n = 17]).
Fig. 9. Nonmetric multidimensional scaling (NMDS) ordination
plot of invertebrate community composition between a beaver-
modified stream (black diamonds with polygon) and control
stream (grey circles with polygon) in northern Scotland.
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and the general “rule-of-thumb” that larger trout tend to occupy
deeper pool habitats when available (Armstrong et al. 2003).
There are a number of logical explanations for this, not least that
deeper habitat provides greater protection for larger trout from
native piscivorous predators such as Eurasian otter (Lutra lutra)
and heron (Ardea cinerea) (as well as the introduced North Ameri-
can mink, Mustela vison) (Rosenfeld and Boss 2001; White and
Rahel 2008), especially when reinforced by the shelter provided
by woody structures common in beaver ponds, thus enabling fish
more time to forage (Sigourney et al. 2006). Furthermore, beaver
pools also provide refuge from adverse flow (Hutchings 1986;
Sigourney et al. 2006) or freeze-up (Jakober et al. (1998); Lindstrom
and Hubert (2004) for North American streams), while at the same
time proving to be energetically advantageous if the availability of
food is uncompromised (Sigourney et al. 2006), enabling trout to
favourably shift their energy input: output ratio. In fact, there is evi-
dence that, compared to unimpounded reaches, invertebrate abun-
dance associated with beaver ponds (e.g., McDowell and Naiman
(1986) for Canadian streams) and the dams themselves (e.g., Rolauffs
et al. (2001) for German streams) can be substantially higher, as was
observed in this study, thus supporting greater abundance and
more rapid growth in these environments. This study found that
Chironomids were strongly associated with the beaver-modified
habitat in comparison to the control stream and were present in
much greater abundance. Kelly-Quinn and Bracken (1990) describe
larval and adult Chironomids as one of the most frequently con-
sumed prey items for brown trout in Irish streams, while Bridcut
(2000) suggest that Dipteran larvae and adults (mostly represented
by Chironomidae and Simuliidae) are prey items of high impor-
tance to salmonids in the Nethy River, Scotland. This suggests that
the beaver ponds support a high abundance of important prey
resources for brown trout. Growth ratesmight be further enhanced
if, as was the case in this study, overall densities relative to surface
area remain relatively low, leading to reduced competition (e.g.,
Sigourney et al. (2006) for Atlantic salmon in beaver ponds).
Trout in the beaver-modified reaches exhibited positive growth
in all seasons, including the two winter periods. This supports
evidence supplied by others that beaver ponds provide suitable
habitat that can enhance individual fitness, demonstrated through
positive growth (e.g., Sigourney et al. (2006) for juvenile Atlantic
salmon parr in Canadian streams; Malison et al. (2015) for juvenile
chinook and coho salmon in Alaskan streams; Murphy et al. (1989)
for juvenile sockeye salmon (Oncorhynchus nerka) in Alaskan
streams). Our observation that the growth of some trout during
winter was higher than that predicted by an optimal growth
model developed for fish fed to satiation under experimental
conditions (Elliott et al. 1995) was surprising. It was not possible
to measure water temperatures at a sufficiently fine spatial reso-
lution to accurately determine the exact regime experienced
by individual fish, instead basing our estimates on coarse-scale
temperature logger data for the stream as a whole. It is recog-
nised that Scottish upland streams can experience thermal het-
erogeneity as a result of interactions between ground, hyporheic,
and surface flow (e.g., Malcolm et al. 2002), while beaver ponds
are known to have more stable diel temperature regimes during
the winter than non-impounded reaches. It is possible that some
trout utilised higher temperature microhabitats than expected
based on mesoscale measures of temperature during the winter,
explaining the more rapid than predicted growth rates. Alterna-
tively, the exploitation of more energy rich food if available in
the beaver ponds compared to that used in the laboratory by
Elliott (1994), and on which the model was based, may provide
another explanation. In this study, the beaver ponds maintained
large shoals of stickleback, a species the trout were known to
prey on based on observations of stomach contents (R. Needham,
personal observation). Furthermore, other studies of wild brown
trout populations (e.g., Jensen (1990); Jensen et al. (2000) for Nor-
way; Lobón-Cerviá and Rincón (1998) for Spain; Allen (1985) for
New Zealand) also observed growth rates higher than that pre-
dicted by the Elliott et al. (1995) model, suggesting that the possi-
bility for genetic variation and local adaptation to drive higher
than expected growth should not be discounted.
This study provides evidence that local-scale modification of
river habitat by Eurasian beavers can benefit brown trout popula-
tions by enhancing the heterogeneity and suitability of habitat
for a range of life stages, thus improving abundance and growth,
a useful proxy for fitness. Based on previous reviews on the
subject (e.g., Kemp et al. 2012), this finding is not unexpected,
although it does provide useful confirmation that relationships
observed elsewhere appear to hold true for upland areas of north-
ern and western Great Britain. The results may provide helpful
information to riparian landowners and policy makers in rela-
tion to the management of expanding Eurasian beaver popula-
tions in European rivers which host commercially important and
sensitive salmonid populations. These findings may go some way
to reassure representatives of fisheries interests that, from the
perspective of brown trout habitat suitability at least, the pres-
ence of beaver may provide a cost-effective and self-sustaining
means tomaintain and restore the ecological status of upland riv-
ers without threatening native fish populations. Nevertheless,
there remains a need to further explore the impact of beaver
activity at a catchment scale, and the impact of dams on the
movement of multiple species of fish, including the migratory
salmonid life stages.
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Appendix A














Control Reach 1 40 0.52 0.45 20.75 <0.1 RI (100%) Pebble (60%)
Riffle 0.2360.005 Gravel (20%)
Pool — Sand (20%)
Control Reach 2 26 0.65 0.53 16.87 <0.1 RI (100%) Pebble (60%)
Riffle 0.3860.005 Gravel (20%)
Pool — Sand (20%)
Control Reach 3 42 1.00 0.96 42.17 ≤0.2 RI (70%), SP (30%) Pebble (30%)
Riffle 0.33560.033 Cobble (30%)
Pool 0.13260.005 Gravel (20%)
Sand (20%)
Control Reach 4 30 1.03 1.10 30.83 ≤0.2 SP (70%), RI (30%) Cobble (30%)
Riffle 0.37260.009 Boulder (30%)
Pool 0.12060.007 Pebble (20%)
Gravel (10%)
Sand (10%)
Modified Reach 1 50 4.20 4.95 215.53 >0.5 DP (90%), SP (10%) Silt (90%)
Pool 0.02260.003 Gravel (5%)
Pool 0.02860.004 Pebble (5%)
Modified Reach 2 44 6.02 6.85 261.77 >0.5 DP (95%), RI (5%) Silt (95%)
Riffle 0.04060.003 Gravel (5%)
Pool 0.04160.002
Dam 3 Bypass Channel 30 0.78 0.87 37.60 ≤0.2 SP (70%), RI (30%) Silt (70%)
Riffle 0.21460.019 Gravel (15%)
Pool 0.20460.005 Sand (15%)
Modified Reach 3 69 5.76 8.56 613.84 0.3 –>0.5 DP (80%), RI (15%), DG (5%) Silt (65%)
Pool 0.04860.003 Gravel (20%)
Pool 0.0560.003 Sand (10%)
Riffle 1.10160.005 Pebble (5%)
Pool 0.0760.002
Modified Reach 4 44 3.48 3.96 232.34 >0.5 DP (85%), DG (10%), RI (5%) Silt (65%)
Riffle 0.20960.006 Gravel (25%)
Pool 0.07160.003 Sand (10%)
Pool 0.07660.005
Note: Flow characteristic abbreviations are listed in order of dominance: SM— still marginal; DP— deep pool; SP— shallow pool; DG— deep glide; SG— shallow
glide; RU— run; RI— riffle; and TO— torrent. Flow velocity (0.001 m·s–1 resolution averaged over 60 s) 0.6 of the total depth, midchannel in the centre of the reach.
Where flow types varied within reach one reading was taken in each flow type. Note mean wetted bank width in control reaches 1, 2 and 3 was greater than bank
width due to heavily undercut banks.
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